Analysis of the electrostatics of charge carrier injection into molecular crystals during nonequilibrium electron transfer reactions demonstrates the unique advantage of aqueous or similar electrodes in measuring limiting currents which yield the rate constant of the injection process. At the phase boundary molecular crystal/aqueous electrolyte image forces are negligible due to the slow orientation polarization of water molecules with respect to the hopping frequency of injected charge carriers. Coulomb forces arising from slowly mobile or localized counter charges are shown to be effectively screened by water as a consequence of its relatively higher static dielectric constant as compared to that of the crystal.
Introduction
Hole and electron conductivity in organic homo- 
Experimental Results
In Figs. 1 and 2 typical j -F-plots for carrier injection according to reactions (1) and (2) are depicted. All measurements refer to electron injection at the ab-plane of p-chloranil (tetrachloro-pbenzoquinone) crystals, which provide clear experiments, prototypic for other molecular crystals (e. g.
aromatic hydrocarbons).
Due to the high intersystem crossing rate in pchloranil the diffusing and reacting exciton in Fig. 1 is essentially the triplet exciton, even when singlet excitons are the primarily excited species 6 Charge injection in Fig. 1 (6) will compete. In the case of Fig. 2 , a cyanine dye has been applied to the crystal surface in a monomolecular layer after the technique of KUHN 11 . From the product o /VD (corresponding to 2% light absorption at 565 nm, which has been measured spectroscopically by an effect modulation technique 12 ).
the intensity /0 and the limiting current /lim a quantum yield in der order of unity follows for the Fig. 3 . Energy level diagram, a) Crystal data of chloranil are taken from Ref. 6 . Electron affinity, EAC = 4.1±0.2EV, the work function estimate as well stems from injection experiments, b) For simplicity triplet exciton energy is indicated in the one particle energy spectrum, c In Fig. 4 a j -F-dependence different from that in Fig. 2 is depicted for another kind of sensitized electron injection. In this figure, however, the donor species is an excited n -n* charge transfer complex.
We will show that from the characteristic deviation of the limiting current behaviour mechanistic information as to the injection reaction might be derived.
Curve A corresponds to the laser excitation of a microcrystalline layer 14 
and subsequent reaction of triplet excitons at the crystal surface according to (3) cannot be answered without further discussion. The contribution of (7) to the injection current is, among other parameters, certainly determined by the relative polarization energies of the two ions, the resonance energy and Coulomb attraction of the ion pair in the solid phase 13 .
Discussion
By the non-equilibrium reactions (3) and (6) charge carriers are generated at the distance £ = 0 from the surface. These may migrate into the bulk of the crystal by diffusion and drift in an electric field or recombine according to (4) or (6) at the surface, thus being removed from current carrying.
We assume a potential barrier (Fig. 5) 
We approximate E by the externally applied field and restrict our consideration to currents beyond the space charge limited region. If one assumes that overcoming the potential barrier is a thermally activated process (diffusion against the electric field), then nm is given by
From Eqs. (9) - (11) we obtain for the current- Applying this model to surface injection of charge carriers 17 , the experimentally observed photocurrent at low field strength may be given by
j = A(T)[l + {e 3 /2ek 2 T 2 ) E] with A(T) =4,nf
Iexp{-e 2 /£xkT}g{x) dx (14) where g(x)
gives the initial spatial distribution of thermalized carriers and e the dielectric constant of the crystal. The equation predicts a linear field dependence for low fields and implies an initial separation of injected carriers and counter charges.
Since both models [Eqs. (13) and (14)] for electric fields >10 4 V/cm predict a proportional behaviour in the log j -log F-plot, it is difficult to choose between them on the basis of the field dependence alone 18 .
Recently, injection of charge carriers in the dark (equilibrium case) has also been interpreted 17 The high static dielectric constant of water of 81, which derives from the orientation polarization of the water molecules, only holds up to frequencies of 10 11 sec -1 (1. c. 21 ). The corresponding time constant for the motion of charge carriers in an anthracene crystal is, however, the hopping frequency in the order of 10 13 sec -1 (I.e. 22 ). This implies that for very narrow bands, transport of carriers at room temperature takes place via hopping and electron exchange is the rate determining step.
Since lattice parameters in p-chloranil crystals 23 are still smaller as compared to anthracene, we assume the hopping frequency to be at least thta of anthracene. Thus, charge carriers do not remain long enough localized at a molecule in the surface 24 , such that their potential energy can be reduced by rotation of neighbouring water molecules.
As a result, with electrolytic contacts image forces just due to the difference of the optical dielectric constants between the crystal (nj;A~4 6 ) and the aqueous medium (n^o 21 ) have to be considered, i. e. image forces can be neglected in this case.
Another mechanism for the appearance of an image or more inside the adjacent electrolvte (medium 2), both cases will be briefly discussed 25 .
Charge q, located in Medium 2
The electrostatic potential in medium 1 is given by q 1
Charge q, located in Medium 1
In this case cpx originates from the counter charge q and its image charge q (Fig. 6 ) according to Expansion for small d:
Here as well as in case 1 the counter charge is screened by a factor 1/h (e1 + e2). Furthermore, there appears a dipole term, which decreases rapidly with distance, however.
Certainly the static dielectric constant of water of 81 is not realistic in the region of the phase boundary, but there is some evidence that e2 might still be considerably larger than the optical dielec- The proportional increase of the current in Fig. 4 could be explained by recombination according to Equation (13) . Even without knowledge of the temperature dependence, the j -F-behaviour would not be compatible with the behaviour predicted by the Onsager model. We conclude this from the slope/intercept ratio, which is estimated to be 10~2 cm/V from Fig. 4 , the value to be expected from Eq. (14) being (e 3 /2 e k 2 T 2 ) ~ 3 • 10~5 cm/V. Furthermore, hot electron injection cannot be important, since the specific j -F-dependence 17 is not observed.
Thus, the applicability of Eq. (13) 
